Myasthenia gravis (MG) is an autoimmune disease leading to varying degrees of skeletal muscle weakness. It is caused by specific antibodies directed against definite components in the postsynaptic membrane at the neuromuscular junction (NMJ), such as the acetylcholine receptor (AChR) and the muscle-specific kinase (MUSK) receptor. In clinical practice, MG patients may be classified into three main subgroups based on the occurrence of serum autoantibodies directed against AChR or MUSK receptor or antibody-negative. As the MG subgroups differ in terms of clinical characteristics, disease pathogenesis, prognosis, and response to therapies, they could benefit from targeted treatment as well as the detection of other possible disease biomarkers. We performed proteomics on plasma fractions enriched in low-abundance proteins to identify potential biomarkers according to different autoimmune responses. By this approach, we evidenced a significant reduction of vitronectin in MG patients compared to healthy controls, irrespective of the autoantibodies NMJ target. The obtained results were validated by mono-and two-dimensional Western blotting analysis. Vitronectin is a multifunctional glycoprotein involved in the regulation of several pathophysiological processes, including complement-dependent immune response, coagulation, fibrinolysis, pericellular proteolysis, cell attachment, and spreading. The pathophysiological significance of the reduction of plasma vitronectin in MG patients has yet to be fully elucidated. It could be related either to a possible deposition of vitronectin at NMJ to counteract the complement-mediated muscle damage at this level or to a parallel variation of this glycoprotein in the muscle extracellular matrix with secondary induced alteration in clustering of AChRs at NMJ, as it occurs with variation in concentrations of agrin, another extracellular matrix component. The clinical value of measuring plasma vitronectin has yet to be defined. According to present findings, significantly lower plasma values of this glycoprotein might be indicative of an impaired complement-dependent immune response.
Introduction
Myasthenia gravis (MG) is a chronic autoimmune neuromuscular disease characterized by varying degrees of weakness of the skeletal muscles caused by autoantibodies against some proteins of the neuromuscular junction (NMJ) involved in nerve signal transduction. 1, 2 According to the autoantibodies target, [3] [4] [5] patients can be subgrouped in anti-muscle acetylcholine receptor antibody positive (AChRAb þ ), with a prevalence of about 80% (70% of cases detectable with routine assays and 5-10% with more-sensitive, cell-based assays); anti-musclespecific kinase antibody positive (MuSKAb þ ), with a prevalence up to 10% (more frequent in the Mediterranean area than Northern Europe, possibly owing to a combination of genetic and environmental factors); and anti-lowdensity lipoprotein receptor-related protein 4 antibody positive (LRP4 þ ), detected in 1-5% of patients with MG of any type and in 7-33% of MG patients without AChR and MuSK antibodies. There is also a minority of patients called double seronegative (DSN) patients, because they do not have detectable antibodies against AChR or MuSK. Other known autoantibodies targets are agrin, titin, the voltage-gated K þ channel K v 1.4, ryanodine receptor, collagen Q, and cortactin. Finally, there is a further subtype of patients in which the target of the autoimmune response is not known yet.
Three main mechanisms underline the loss of functional AChRs directly resulting in the destruction of muscle end plate: the binding of divalent antibodies causing crosslinking of AChRs and accelerated internalization and degradation of the receptor; direct sterical blocking of acetylcholine binding sites; complement-mediated lysis of postsynaptic membrane resulting in functional impairment of AChRs and reduction of voltage-gated Na þ channels number, leading to increased action potential threshold. 6 MuSK protein is essential for NMJ formation and agrininduced AChR clustering. 7 MuSK antibodies have been demonstrated to inhibit AChR clustering. 8 Moreover, they are able to cause experimental autoimmune MG. 9, 10 Recently, LRP4 has been identified as a new autoantigen in DSN patients. 11, 12 LRP4 acts as a receptor for agrin 13 and is required for agrin-induced activation of MuSK, AChR clustering, and NMJ formation. 14 Actually, no commercial tests for LRP4 antibodies are available and standardization of clinical setting has not been achieved yet. 3 MG patients differ in terms of clinical characteristics, disease pathogenesis, prognosis, and response to therapies 3 accounting for the significant variability among MG subgroups. However, targeted therapeutic and prognostic studies are rare. In this respect, identification of new disease biomarkers could help in tailoring specific treatments for clinical management of this pathology.
The aim of this study was to identify potential plasma biomarkers of MG in patients with different autoimmune responses, by applying two-dimensional electrophoresis (2-DE) analysis coupled with mass spectrometry (MS) to a plasma fraction enriched in low-abundance proteins. We applied a recently developed technology, based on hexapeptide combinatorial ligand libraries, to increase the low-abundance proteins concentration with simultaneous minimal capture of the high abundance species. 15 
Materials and methods

Sample collection
Forty-two consecutive patients diagnosed with generalized MG referred to the Neuroimmunological Laboratory of the Neurological Clinic (Department of Medical, Surgical and Experimental Sciences, University of Sassari) for autoantibody testing were recruited in the period from January 2016 to December 2016. Clinical features or severity of disease were evaluated according to the Myasthenia Gravis Foundation of America (MGFA) clinical classification. 16 In particular, the diagnosis of MG was clinically based on fluctuating muscle weakness, worsening with repetitive activities while improving with resting, clearly responding to acetylcholinesterase inhibitors in the absence of other alternative diagnoses with or without findings of impairment of neuromuscular transmission on single fiber EMG and on the repetitive stimulation test of motor nerves. All patients were under symptomatic therapy with pyridostigmine, an inhibitor of acetylcholinesterase, at the recruitment. Furthermore, some of them were under immunosuppressive therapy with corticosteroids and/or azathioprine, as reported in Table 1 . Twenty-four healthy volunteers, matched for age and sex with patients, were enrolled as controls. Informed consent was obtained before enrolment. Exclusion criteria were the presence of renal, hematological, liver, or other associated chronic autoimmune diseases. Peripheral venous blood samples were drawn into plastic syringes, under sterile conditions, and immediately transferred into tubes containing ethylenediamine tetraacetic acidÁK3-salt (K3 EDTA). Plasma was separated from whole blood by centrifugation at room temperature at 1000 Â g for 10 min and stored at À80 C until assayed. Anti-AChR and anti-MuSK antibodies were measured either by radioimmunoassay kit (RSR Limited, Avenue Park, Pentwyn, Cardiff, UK) or Enzyme Linked Immunosorbent Assay (ELISA) kit (RSR Limited). LRP4 autoantibodies were detected by a cellbased assay with HEK293 cells transfected with human LRP4 fused to green fluorescent protein. Human IgG were detected with Cy3-conjugated anti-human IgG antibody. Cells were examined on laser scanning confocal microscope system (Nikon Instruments Europe B.V).
Of 42 patients, 18 were AChRAb þ , among which 2 patients were also found positive for anti-LRP4 antibodies, 8 patients were MuSKAb þ , and 16 were negative for both anti AChR and MusK antibodies and referred to as DSN, 2 of which were positive for anti-LRP4 antibodies.
All study participants gave informed written consent to the study. Institutional review board approval was obtained (protocol no. 2195/2/CE, 09/12/2015). The study was conducted in accordance with the ethical principles of the current Declaration of Helsinki.
Plasma low-abundance proteins enrichment
To reduce the very high dynamic range of protein concentration in plasma and to perform differential protein expression analysis of the lower expressed fraction, ProteoMiner™ enrichment kit (Bio-Rad, Hercules, California, USA), which exploits nonspecific interactions with a large, highly diverse bead-based library of combinatorial peptide ligands, was used according to the manufacturer's instructions with slight modifications. 17 The hexapeptides baits are potentially able to interact with any protein present in a complex proteome. The system works in large overloading conditions in which abundant proteins saturate their ligand sites on beads, whereas trace proteins are enriched, thus reducing the dynamic protein concentration range. 15 It means that, by means of this process, the most abundant plasma proteins, including Apo AI, are "equalized" and, therefore, they do not differ among enriched samples. Briefly, 1 ml plasma sample was incubated with the functionalized beads for 2 h at room temperature followed by two consecutive elution steps with 150 mL of an elution buffer containing 2% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 8 M urea, and 5% acetic acid. Then, eluate was concentrated and dialyzed against a buffer containing 8 M urea and 4% CHAPS using Amicon ultra-0.5 mL centrifugal filter units (Millipore, Billerica, Massachusetts, USA). Protein concentration was determined using DC Protein Assay Kit (Bio-Rad), according to the manufacturer's instructions, using bovine serum albumin as the standard. Proteins were stored at À20 C until analysis.
Differential protein expression analysis
Two-dimensional electrophoresis (2-DE) was performed as previously described. [17] [18] [19] Briefly, 300 mg of proteins was applied to 70 mm Immobilized pH Gradient (IPG) strips (pH 3-10, Bio-Rad) for 6 h by rehydration loading at 20 C and subsequently focused at 50 mA/IPG strip for 22 kVh at 20 C in a protean Isoelectric Focusing (IEF) cell (Bio-Rad). Following IEF, proteins were in-gel reduced by incubating IPG strips with a 50 mM Tris buffer containing 6 M urea, 30% glycerol (v/v), 3% sodium dodecyl sulfate (SDS) (w/v), and 1% dithiothreitol (DTT) (w/v), followed by ingel alkylation, using the same solution containing 2.5% iodoacetamide (w/v) in place of DTT. Each step was performed keeping strips under continuous shaking for 15 min. Then IPG strips were sealed, with 0.5% low melting point agarose (w/v) in SDS running buffer at the top of second dimension gels (8 Â 7Â 0.1 cm 3 ). Sodium Dodecyl Sulphate -PolyAcrylamide Gel Electrophoresis (SDS-PAGE) was carried out on 12%T, 3%C polyacrylamide gels for 15 min at 50 V followed by 90 min at 150 V in a mini-protean tetra cell (Bio-Rad). Gels were then fixed in 30% ethanol (v/v) and 2% phosphoric acid (v/v) solution for 1 h, washed twice in 2% phosphoric acid (v/v) solution for 10 min, equilibrated in 18% ethanol (v/v), 2% phosphoric acid (v/ v), and 15% ammonium sulfate (w/v) solution for 30 min, and then stained in the same solution added with 0.02% Coomassie Brilliant Blue G250 (w/v) for 48 h. Gel images were acquired using GS800 calibrated densitometer (Bio-Rad) at 36.3 mm resolution. Image analyses were performed using PDQuest 2-D analysis software V8.0.1 (Bio-Rad). 2-DE proteome maps were normalized by assigning to each detected spot a relative value corresponding to the ratio of single spot volume to the volume of all spots in the gel after background subtraction.
In-gel digestion and Matrix-Assisted Laser Desorption/Ionization-Time Of Flight Mass Spectrometry (MALDI-TOF MS) analysis
Protein identification was obtained by a MS analysis service (Nurex S.r.l., Sassari, Italy). Spots of interest were excised from gels with sterile pipette tips, destained with a solution containing 2.5 mM NH 4 HCO 3 and 50% acetonitrile (v/v), dehydrated with 100% acetonitrile, and dried at room temperature before proteolytic treatment. Tryptic digestion was performed by incubating dried spots in 5 mM NH 4 HCO 3 buffer containing 10 ng/mL trypsin overnight at 37 C. The resulting peptides were mixed with an equal volume of a-cyano-4-hydroxycinnamic acid saturated solution (40% acetonitrile (v/v) and 0.1% trifluoroacetic acid (v/v)) and applied as a microcrystalline thin film onto a stainless steel 96-spot MALDI target. Mass analyses were performed using a MALDI micro-MX-mass-spectrometer (Waters, Manchester, UK), according to the tuning procedures suggested by the manufacturer. Peak lists were generated using Protein Lynx Global Server v.2.2.5 (Waters) and searched against the Swiss-Prot human database (version 57.4) using Mascot (http://www.matrixscience.com). Research parameters included taxa (Homo sapiens), trypsin digest, monoisotopic peptide masses, iodoacetamide modifications, one missed cleavage by trypsin, and a mass deviation of 50 ppm. Only protein identifications with significant Mascot scores (p < 0.05) were taken into consideration.
Western blotting analysis
Western blotting (WB) analysis was performed as previously described [17] [18] [19] ; 5 mg of low-expressed plasma proteins-enriched fraction and an equivalent of 0.25 mL of plasma from untreated samples were resolved by SDS-PAGE on 5%T, 3%C stacking gel, and 12%T, 3%C polyacrylamide separating gel. With regard to 2-DE WB analysis, 50 mg of pooled enriched fractions and 1 mL of pooled plasma samples from each MG patients subgroup and from control group were resolved as described above. Subsequently, resolved proteins were electroblotted onto Hybond-P PVDF membranes (GE Healthcare, Uppsala, Sweden) at 250 mA for 1.5 h. Afterward, membranes were incubated with blocking solution (PBS, 0.1% Tween-20, 3% nonfat dry milk) for 1 h at room temperature, followed by overnight incubation at 4 C, either with a rabbit monoclonal anti-Vitronectin (clone EP873Y, ab45139, Millipore), diluted 1:20,000 with blocking solution, or with a goat polyclonal anti-apolipoprotein AI antibody (AB740, Millipore), diluted 1:4,000, for data normalization. Then, after 30-min washing (PBS, 0.1% Tween-20), membranes were incubated with anti-rabbit (dilution 1:5,000, Bio-Rad) or anti-goat (dilution 1:5,000, Bio-Rad) horseradish peroxidase (HRP)-conjugated secondary antibody solution for 1 h at room temperature. Following further membrane washing, proteins were revealed by enhanced chemiluminescence (Amersham ECL Prime Western Blotting Detection Reagent; GE Healthcare) using ChemiDoc XRS System (Bio-Rad) for data acquisition. Densitometric analysis was performed using Quantity One 4.6.3 software (Bio-Rad).
Statistical analysis
Student's t-test analysis was performed to evaluate variations in protein expression levels among MG subgroups and healthy controls. Statistical significance was set at p < 0.05.
Results
Patients with clinical diagnosis of MG were classified into three subgroups, AChRAb þ , MuSKAb þ , and DSN patients, based on the presence of antibodies against different NMJ targets (Table 1 ). Among them, four patients were also positive for anti-LRP4 antibodies. As the presence of high-abundance proteins in plasma samples (e.g. albumin and IgG) makes the detection of medium-and lowabundance proteins extremely challenging, 15 we performed an enrichment in low-expressed proteins using hexapeptide ligand libraries. Following sample elution, an additional dialysis step was necessary to remove acetic acid from the elution buffer and optimize isoelectric focusing/separation in the first dimension of 2-DE. 17 This approach led to a reduction of the most abundant plasma proteins (85% of albumin was depleted) and to an increase of the less represented ones, with a total number of protein spots detected of about 2.4 times higher in treated samples, enabling the differential expression analysis of the less represented proteins (Figure 1 ). Comparative 2-DE analysis of lowabundance proteins enriched plasma samples, using PD-Quest 2-D analysis software V8.0.1, coupled with MALDI-TOF MS, allowed us to identify vitronectin as differentially expressed between MG patients and healthy controls (UniProtKB/Swiss-Prot accession number: P04004.1). In particular, vitronectin was significantly reduced in all MG patients subgroups as compared to healthy controls (À54% in AChRAb þ , p ¼ 0.012; À58% in MuSKAb þ , p ¼ 0.010; À65% in DSN, p ¼ 0.002) ( Figure 2 ), but no significant difference was evidenced in vitronectin expression among MG subgroups. Furthermore, no association between vitronectin expression and severity of disease, according to MGFA Clinical Classification, or immunosuppressive therapies was found (Table 1) . One-dimensional WB analysis, confirming 2-DE findings, showed a significant down-expression of vitronectin in all myasthenic patients (Figure 3) being À39% in AChRAb þ (p < 0.001), À40% in MuSKAb þ (p < 0.001), À43% in DSN (p < 0.001) enriched samples, À57% in AChRAb þ (p < 0.001), À70% in MuSKAb þ (p < 0.001), and À67% in DSN (p < 0.001) whole plasma samples. These reductions were observed in MG patients irrespective of their autoimmune response. Apo AI expression was used for WB data normalization. Further confirmation came from twodimensional WB analysis on pooled plasma samples both as a whole and after enrichment treatment (Figure 4 ).
Discussion
MG is an autoimmune disorder mainly mediated by autoantibodies against postsynaptic membrane proteins at the NMJ, such as AChR and MuSK receptor. The diagnosis relies on both electrophysiology and the detection of specific autoantibodies in serum. There is a subset of clinically diagnosed myasthenic patients, referred to as DSN, who are negative for the presence of both antibodies. As MG patients subsets differ in terms of clinical characteristics, disease pathogenesis, prognosis, and response to therapies, targeted therapies should be mandatory. 3 In this respect, the identification of new tissue or humoral biomarkers of MG might be of great value for both diagnosis and specific treatment.
Our aim was to identify potential plasma markers associated with the immune derangements of the different MG subtypes. To this end, we applied 2-DE coupled with MS, which allows for comparing the expression/abundance of hundreds of proteins at the same time, to identify differentially expressed plasma proteins between MG patients and healthy controls, following plasma enrichment of low-abundance protein components. To date, only few studies have dealt with identification of molecular markers in MG disease by proteomic analysis, but none of them used plasma-enriched samples to detect medium-and lowabundance proteins. [20] [21] [22] By this approach, we documented a statistically significant reduction of plasma vitronectin expression in all MG patients subgroups as compared to healthy controls that did not correlate neither with the severity of the disease nor with the immunosuppressive therapy. Although it could represent a limitation of our study, vitronectin reduction in plasma of MG patients, described for the first time in this study, might be interesting and deserves further studies addressed to the evaluation of its relevance/roles in the pathogenesis or progression of MG disease.
Vitronectin, also known as serum spreading factor, is a multifunctional glycoprotein present in blood, urine, and amniotic fluid, 23 which plays a role in the regulation of both complement and coagulation systems. [24] [25] [26] It is also part of the extracellular matrix, substantially enriched at sites of injured, fibrosing, inflamed, and cancer tissues. 27 In addition, it contributes to tissue remodeling and healing by regulating proteolysis, cell adhesion, migration, and survival in the injured and stressed tissue. [28] [29] [30] [31] Interestingly, significantly reduced serum vitronectin concentrations were found associated with extreme physical stress in healthy people, 32 a condition comparable, in some way, to muscle fatigue in MG, as well as with liver disease, renal disease, and systemic lupus erythematosus (SLE). 33 However, the pathophysiological significance of this reduction has not been elucidated up to now, although it has been suggested that the lower levels of plasma vitronectin in chronic liver disease might be in relation to its higher levels in injured tissues undergoing healing process. 34 In fact, the structure and function of vitronectin are locationdependent. 35 Soluble monomers of this glycoprotein exist in plasma, and insoluble oligomers are associated with the extracellular matrix where they may interact with several cell surface receptors, including the urokinase-type plasminogen activator receptor and the av integrin receptor subclass. 35 Conversion of vitronectin from a solutionphase to a matrix-phase protein seems to occur via interactions with plasminogen activator inhibitor-1, by which vitronectin is able to bind several partners, including complement proteins. 35 The pathophysiological significance of the reduction of vitronectin in plasma of MG patients that we have documented is unknown. On account of the aforementioned findings, it could be related either to a possible deposition of vitronectin at NMJ to counteract the complement-mediated muscle damage at this level or to a corresponding variation of this glycoprotein in the muscle extracellular matrix with secondary induced alteration in clustering of AChRs at NMJ, as it occurs with variation in distribution of agrin, an extracellular heparan sulfate proteoglycan. 36 Indeed, both vitronectin and agrin act on the same cells surface receptors, integrins. 28 Elucidation of the underlying causes related to reduced plasma vitronectin expression could be provided by immunohistochemical analyses on patient muscle biopsies, and this surely deserve further studies.
The clinical value of measuring plasma vitronectin remains to be defined. Vitronectin is present in normal plasma at concentrations of 200-400 mg/mL. 28 Considered its involvement in immune defense via interaction with the terminal complex of complement, and the low expression of vitronectin in plasma of MG patients and other autoimmune diseases, such as SLE, plasma values of this glycoprotein below 200 mg/mL might be indicative of an impaired complement-dependent immune response.
Conclusions
By a proteomic approach on plasma samples enriched in low-abundance proteins, we evidenced a significant reduction of vitronectin expression in all MG patients subgroups compared to healthy controls, irrespective of the autoantibodies target and the severity of the disease. As it cannot allow for discriminating between the different MG clinical manifestations, it could represent a limitation of this study. Nonetheless, due to vitronectin involvement in a number of biological activities, its plasma reduction in MG, described for the first time in our study, might be interesting and deserves further studies. In particular, the potential roles of this glycoprotein in the impaired complementdependent immune response and/or in clustering the AChRs at NMJ should be addressed.
